Abstract Novel energy-efficient desalination techniques, such as capacitive deionization (CDI), are a key element for the future of the fresh water supply, which is increasingly under stress due to the ever-growing world population and ongoing climate changes. CDI is a desalination technique where salt ions are removed from a flow channel by the application of an electrical potential difference across this channel and are stored in electrical double layers. The aim of this work is to visualize and explain the charging process of CDI using a new microfluidic approach. Namely, we implement the geometry of CDI on a chip and visualize the ion distributions in the channel using fluorescence microscopy. In contrast to normal CDI, our system was operated in the absence of flow, using non-porous electrodes. By using two pH-sensitive fluorescence dyes, we found the formation of pH waves across the channel, even though the system is operated at low potential differences in order to suppress Faradaic reactions, such as water splitting. From simulations of the transport process, we found that a small current density in the order of 0.1 A m −2 can trigger the formation of such pH waves. CDI generally benefits from large electrode areas relative to the channel cross section. However, this large area ratio will also increase the magnitude of these waves, which might lead to a reduction in desalination efficiency.
Introduction
The availability of fresh water is one of the major challenges of the twenty-first century, and the necessity of an energyefficient desalination technology is more urgent than ever [1] [2] [3] . Namely, the demand for fresh water is increasing due to population growth and rapid economic development [1] , while fresh water aquifers suffer from salt water intrusion along coastal lines, [1] and climate change leads to less reliable rainfall and drier soils [2] . If the current trend in increasing water scarcity continues, 75 % of the world population will face fresh water shortage by 2050 [3] , even affecting the more industrialized nations in North America and Europe [1] . Desalination of salt and/or brackish water can provide a solution to reduce this fresh water scarcity [1] .
Distillation and reverse osmosis are the most common desalination methods for large-scale fresh water production. However, these methods require either high temperatures or high pressures over ion exchange membranes and are thus not energy efficient. An alternative approach is to electrokinetically desalinate water using capacitive deionization (CDI) [4] . A typical CDI device consists of salt water flowing through a microfluidic flow channel having two electrodes at opposite sides of this channel. Upon the application of an electrical potential difference between these electrodes, ions migrate to the oppositely biased electrode and are stored in the electrical double layer at the surface of the electrode, where they screen the applied potential [5] . During charging, desalinated water leaves the system until the electrodes become saturated. The system is regenerated by removing the charge. During this release step, a concentrated electrolyte (brine) exits the system. This cycle is repeated to produce desalinated water in a batch-wise manner. The main advantages of CDI are as follows: the technology is potentially energy efficient for desalination of brackish water (electrical energy can even be recycled during the release step) [6] [7] [8] , whereas it requires less expensive parts, such as pumps operating at high pressure [9] . The coupling of CDI and recycling of energy through capacitive mixing or "capmix" were recently suggested [10, 11] . Consequently, CDI is an energyefficient desalination method at low capital costs.
Up till now, research on CDI has been performed mainly on macroscale systems, with typical capacities in the order of liters per minute [5, 12] . The main focus of interest included (i) regeneration speed and efficiency of the electrode material for ion storage capacity and (ii) increase of energy efficiency and ion selectivity [13] [14] [15] [16] [17] [18] . The approach in these studies has been to measure the ion concentrations of the in and effluent water stream in order to determine the response of the entire system [5, 9, 13, [19] [20] [21] [22] . In this work, we will use a chip-scale device, which allows for local (fluorescent) imaging of the ion concentration profiles in the flow channel to locally study ion transport. In contrast to a traditional CDI system, our chip is operated under no-flow conditions, with non-porous electrodes. A microfluidic CDI device was recently used by Demirer and Hidrovo to demonstrate the potential of fluorescence imaging of the salt profile in the flow channel [23] . Our focus in this study, however, is on the formation of acidic and alkaline regions, i.e., pH waves, throughout this channel. It has been shown previously that these pH waves can severely hinder the electrokinetic remediation of e.g., soils [24] or porous building materials [25] . The origin of pH variations arising in electrolytes is often related to Faradaic electrode reactions [26] [27] [28] , whereas capacitive-induced pH variations due to locally released protons from a silicon nitride wall have been observed as well [29] . Consequently, the formation of acidic and alkaline regions is a surface effect that is largely enhanced in the flow channel of CDI systems due to their large electrode surface area relative to the volume of the flow channel [30] . The pioneering work by Soffer et al. demonstrated already in 1972 acidic regions upon the application of a positive potential at the electrodes in a CDI system [30] ; however, this was measured in the effluent stream of the system. Therefore, in this work, we will study the formation of pH waves in the microfluidic flow channels of CDI devices.
Materials and methods

Experimental
The microfluidic device that is used for the experiments is depicted in Fig. 1 . In this figure, we also give schematics of the top view of the 97.5-μm-wide microfluidic channel. The electrodes are relatively long (6 mm) to make sure that edge effects, such as a non-homogenous electric field, can be neglected. The cross-sectional view shows that the chip consists of a top wafer (Borofloat glass) containing powderblasted in-and outlet holes, which is bonded to a bottom wafer (Borofloat glass) using a patterned epoxy layer (SU-8). The height of the channel is ∼7 μm, which is large compared to the electrode height of 120 nm. The electrodes are The charging behavior of our CDI system was visualized by fluorescence microscopy. Two solutions containing a 0.1-mM fluorescent dye dissolved in ultrapure water were used. One contained BODIPY (BOD), with an excitation wavelength (λ ex ) of 492 nm and an emission wavelength (λ em ) of 515 nm (Invitrogen), and the other contained fluorescein (FL), λ ex =490 nm and λ em =514 nm (Sigma-Aldrich). FL is known for its pH-dependent emission [31] , whereas BOD is relatively stable [32] . At the excitation wavelength of 490 nm, the divalent anion is the main contributor to the fluorescence intensity for both dyes [33] . Both FL and BOD have Na + as the counterion. The solutions were sequentially inserted into the microfluidic channel, through gas impermeable syringes and tubing. The intensity gradient of the fluorescent dyes in the channel was monitored over time with a CCD camera (Hamamatsu, c4742-80-12AG) connected to an inverted microscope (Leica, DMI5000M) with a filter cube (Leica, L5) having an excitation bandpass of 480 ± 20 nm and an emission bandpass of 527 ± 15 nm. Excitation took place from below with a mercury lamp. The diffraction-limited spot size, determined by the objective, is 600-800 nm.
A potential pulse with a magnitude of 0.5 V, a frequency of 0.1 Hz, and a pulse width of 1 s (dutycycle of 10 %) was applied across the two electrodes using a waveform generator (Agilent, 33220A/20 MHz). At this applied potential, it is expected that, with an estimated capacitance of platinum of 20 μF cm-2, 5-10% of the fluorescent dye can be removed from the reservoir. The electrical current was obtained by measuring the voltage drop across a calibrated resistor placed in series with the chip by using an oscilloscope (Tektronix, TCS 2002C).
Theory
In this section, we present a simulation model for the microfluidic CDI device using the 1D geometry depicted in Fig. 1d . We will use this model to distinguish between the effects of charge transport and pH variations on the measured fluorescence intensity profiles. Using this geometry, it is expected that the simulated concentration profiles will be qualitatively similar to the experimental observations but will differ in magnitude. One of the key factors causing these deviations is the fact that the absorption of ions on top of the electrodes is not accounted for. The model is based on the classical Poisson-Nernst-Planck theory, which describes the transport of ions and electrical potential distribution in the microfluidic CDI system. Here, the flux of ions (J i ) is given by the Nernst-Planck equation, which combined with a mass balance becomes Fig. 1d . The experiments were performed under no-flow conditions; therefore, advection was not included in our calculations. The electrical potential is calculated using the Poisson equation, ε∂ 2 V/∂x 2 =−ρ, which relates the charge density, ρ=∑z i C [C m −3 ], to the electric potential, where ε is the electrical permittivity [F m −1 ]. We assume that BOD can deprotonate in an alkaline environment according to
where pKa is the acidic dissociation constant, which relates the concentration of protonated, C prot , and deprotonated, C dep , species according to pKa=−log(C dep C H /C prot ). FL is very susceptible to protonate and is in this respect often used as a pH indicator dye [34] [35] [36] . The corresponding chemical reactions for FL are as follows:
Furthermore, we consider the self-dissociation of water,
for which we have the equilibrium condition, C H C OH =K w , where K w is the equilibrium constant of this reaction and equals 10 +8 mol 2 m −6 under normal conditions. The reaction rates for Eqs. (2), (3)a, and (3)b at constant temperature are described by r j =k r (10
, where k r is the reverse rate constant. To simplify the systems of equations, we eliminate the reaction rate constants for the self-dissociation of water by assuming that Eq. (4) remains at equilibrium. We do this by defining the model parameter ρ w =C H −C OH , for which the self-dissociation reaction rate cancels [37, 38] . From the equilibrium condition for water dissociation and the expression for ρ w , the following expressions for C H and C OH can be determined:
The mass balance of Eq. (1) for ρ w after substitution of the expressions for C H and C OH thus becomes [25] 
where index i indicates either H or OH and index j runs over the remaining rates of FL and BOD. The boundaries of our system are at the plane of closest approach of the ions. The area between the plane of closest approach and the electrode remains charge free, is known as the Stern layer, and has a thickness of λ S . The potential drop across this layer, ΔV S , must be either added to, or subtracted from, the electrode potential, V app , according to V=V app ±λ s ∂V/ ∂x, where ± sign refers to the positive value at x=0 and the negative value at x=L. Additionally, we have no-flux boundary conditions, J i =0, for all species at all boundaries except for ρ w at the platinum electrodes, where we have the generalized Frumkin-Butler-Volmer equation [39, 40] ,
at x=0 and
at x=L, where K ρ is a rate constant and superscript 0 indicates the concentration at t=0. Consequently, Eq. (6) relates the electrical current due to water splitting to the local potential drop across the Stern layer, ΔV S .
Results and discussion
Results of the fluorescence measurements Figure 2a shows a snapshot of a typical example of a fluorescence intensity measurement. In the supplementary material, videos are given of the measurements for both BOD and FL. In Fig. 2b and c, a cross section of the fluorescence intensity profiles in the presence of either BOD or FL over a period of 1,000 ms is shown. Upon the application of 0.5 V, the double layer is charged, and a variation in fluorescence intensity is observed across the channel. The measured intensity is proportional to the concentration of BOD and FL in their divalent state. For BOD, a rapid initial change in the intensity is observed, which leads to a linear intensity profile that remains stationary until ∼500 ms. After this initial increase, the profiles start to flatten again until at 1,000 ms, the initial profile (t=0) is retained. For FL, also a rapid initial change in intensity is observed. However, this change is initially only in the vicinity of the electrodes; after which, the intensity spreads out to form a linear profile. Contrary to BOD, this linear profile remains its shape up to 1,000 ms. Both dyes show a counterintuitive behavior. First, we expect that the overall concentration of the dyes decreases due to accumulation of ions in the double layers. This effect is in both cases negligible. Second, if ions were depleted from the channel, we would expect a simultaneous decrease of the concentration of the dye at both electrodes due to electroneutrality across the flow channel [41] . However, a simultaneous decrease at both sides of the profiles is not observed. Finally, the intensity profiles show a linear shape with opposite slopes: a positive slope for BOD and a negative slope for FL. These three anomalies indicate that the observed effect is not only a capacitive behavior but also comprises pH variations as we will demonstrate in the next section using the simulations.
Simulation results
For the simulations, the input parameters as discussed below are used. The electrical permittivity is 78·8.854·10 −12 F/m. For both dyes, an initial pH equal to 7 is assumed. The protonation reactions of the FL dye are fast [45] . As a result, we will use K=1,000 m 3 mol −1 s −1 for these reactions, since higher values of this number did not affect the outcome of the simulations. The thickness of the Stern layer was set to λ S =3·10 −9 m. This number is higher than might be expected from the value of the hydrated radius of most common ions [46] . However, the ions of the fluorescent dyes used in this work are relatively large, whereas the Stern layer thickness might also include the effect of a decreased electrical permittivity due to dipole alignment at high electrode potentials [47] . We have adjusted the length of the cell in order to account for the extra volume in the in-and outlet of the channel. Namely, this extra volume will affect the amount of desalination since ions can diffuse from this "dead volume" into the channel between the electrodes. To account for this effect, we use L=80 μm for the length of the cell, which in combination with the above-mentioned value for the Stern layer thickness results in a negligible desalination level as found in the experiments on Fig. 2 . The rate constant of the electrochemical reaction, K ρ , is set to 2 m s −1 . The simulated pH profiles as well as the ion distributions of the fluorescent dye in case of BOD are plotted in Fig. 3 for several time steps. First, we consider the case where the chemical conversion from the divalent BOD ion into its trivalent state is absent. This situation is equivalent to the pH variation that would be observed in the system in the presence of an inorganic salt like Na 2 SO 4 . Here, we see that a pH wave develops as indicated by the dashed line in Fig. 3a . This wave has an acidic region near the anode (0.5 V) at x=L and an alkaline region near the cathode (0 V) at x=0 due to the local oxidation and reduction reaction, which proceeds at these electrodes, respectively. By considering the conversion of divalent BOD into trivalent ions, we add some pH buffer capacity to the system. This can be observed by the solid lines in Fig. 3b . Here, we see that the pH wave is suppressed by the above-mentioned chemical conversion. This suppression is more dominant in the alkaline region due to the pKa value of this reaction, which is set to 8. In this region, the divalent BOD ions are converted into trivalent ions as shown in Fig. 3a , whereas in the acidic region, the divalent BOD ions prevail. This results in a BOD 2− profile with an increasing concentration from x=0 to x=L, which is similar to the observed profile in Fig. 2b . The deviation from a linear profile in the acidic region might be due to our one-dimensional approach. For BOD 2− to increase linear in the region from x/L equals to ∼0.75 up to 1, the concentration of BOD 3− needs to increase as well, which is not possible in our simulations due to mass conservation. In the experiments, BOD 3− might be supplied from elsewhere in the system, e.g., the dead volume in the in-and outlet channel, so that the concentration in this region will increase. The fading of the measured fluorescent profiles for BOD at prolonged time might be the result of poisoning of the electrodes, e.g., due to the deposition of oxidized BOD. The simulated profiles for the FL dye are given in Fig. 4 . Again, we find the formation of a pH wave in the absence of any chemical conversions, as shown by the dashed line in Fig. 4a . Similar to BOD, the FL dye will act as a pH buffer when these chemical conversions are considered. However, FL is a better buffer in the acidic region due to its lower pKa values compared to BOD. This can be seen by the solid lines in Fig. 4a , where the pH wave is more suppressed in the acidic region than in the alkaline region. The conversion processes for FL are also opposite to that observed for BOD. Namely, in the alkaline region, the concentration of FL 2− increases, whereas FL − and FL 0 are depleted in this region, as observed in Fig. 4b-d . In the acidic region, the concentration of FL 2− decreases and the concentration of FL − and FL 0 increases. As a result, the concentration of FL 2− , which is proportional with the measured fluorescent intensity, shows a decreasing profile from x=0 to x=L, as observed in Fig. 2c . This explains the opposite slopes for the intensity profiles in Fig. 2b and c. Namely, BOD will lose its fluorescent intensity in an alkaline environment due to the loss of a proton, see Eq. (2), whereas the intensity of FL will increase in a more alkaline environment due to the deprotonation of FL 0 and FL − , see Eq. (3). The calculated electrical current through the system is presented in Fig. 5 . This electrical current, I, is composed of two parts given by I ¼ −ε d dt ∂φ ∂x AE FJ , where the first term represents the Maxwell displacement current, and the second term originates from the Faradaic processes (i.e., electrochemical charge transfer) at the electrodes [40] . The displacement current describes the charge accumulation in the double layers, which contributes dominantly to the transient part of the curves, whereas the Faradaic processes dominate the steady-state part. The steady-state current is predicted to be ∼2 nA (0.05 mA m −2 ) for both the system containing BOD as well as for the system containing FL. From our experience, the detection limit is ∼5 nA. Note that the predicted 2 nA is below the detection limit of our experimental equipment, which explains the systematic error between the measured and calculated data in Fig. 5 . Water splitting also occurs at a potential of 0.5 V, which is well below the water-splitting potential, and is observed as a leakage current. Consequently, the potential might still be sufficiently large to explain the counterintuitive experimental results as presented in Fig. 2 .
Though the magnitude of the pH waves given in Figs. 3 and 4 does not appear very large, they might be enhanced in practical CDI systems. Namely, CDI systems generally use porous electrodes with relative surface areas of 1,000 m 2 /g [18] , whereas in our system, the electrode area is only ∼5 times the cross-sectional area of the microfluidic flow channel. A Faradaic leakage current scales to some extent with the surface area in the presence of a convective flow and might thus result in a pH wave with a larger magnitude than observed in this work, which can hinder the desalination performance of a CDI device. First, acidic or alkaline environments can trigger chemical reactions that impede the desalination performance. For example, many kinds of metal ions will form insoluble hydroxide complexes in a highly alkaline environment, pH>10 [24, 48] , which might precipitate and clog the microfluidic channel. Secondly, as the microfluidic channel gets desalinated, the pH wave will form a sharp front at which locally a large gradient in electrical potential develops, which reduces the electrical field strength in the remainder of the channel. The reduced electrical field strength will reduce the migration of ions and thus the desalination rate. On the other hand, pH buffers such as phosphate or ammonium might be present in the water stream as well. pH buffers have a stabilizing effect on the pH in solutions [49] and might therefore reduce the magnitude of the pH wave.
Conclusions
We have demonstrated experimentally as well as computationally the formation of pH waves in a microfluidic CDI device. The charging process of the CDI system was visualized through fluorescence microscopy, in the absence of background electrolytes and pH buffers. The most pronounced observed effect is the opposite gradient in intensity across the channel for the dyes BODIPY and fluorescein. This counterintuitive behavior suggests the formation of pH waves even though the system was operated within the non-Faradaic regime with an applied potential of 0.5 V. Our computational results show that pH variations are causing this counterintuitive behavior. A leakage current on the order of 2 nA indicates dissociation of water resulting in a flux of H + and OH − ions at the electrodes which locally changes the pH. The fluorescent dyes in the channel function as pH buffers with a valencedependent fluorescence intensity, resulting in the observed intensity profiles. The understanding of pH variations in a CDI device can be important for optimizing the desalination rate of CDI systems. 
